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ABSTRACT 

K i n e t i c  s t u d i e s  o f  c a r b o n  d i o x i d e  g a s i f i c a t i o n  a r e  c o m b i n e d  w i t h  TPD 
m e a s u r e m e n t s .  I t  i s  shown t h a t  t h i s  t e c h n i q u e  a l l o w s  t o  c a l c u l a t e  
n o t  o n l y  t h e  c o n c e n t r a t i o n  o f  s u r f a c e  c o m p l e x e s  b u t  a l s o  t h e  t r u e  
a c t i v a t i o n  e n e r g i e s  o f  g a s i f i c a t i o n .  I t  i s  f o l l o w e d  t h a t  t h i s  p r o c e -  
d u r e  may be m o r e  s u c c e s s f u l  t h a n  t h e  d e t e r m i n a t i o n  o f  a c t i v e  s i tes 
by o x y g e n  a d s o r p t i o n .  

INTRODUCTION 

T h e  m e c h a n i s m  o f  c a r b o n  d i o x i d e  g a s i f i c a t i o n  was s t u d i e d  b y  a p p l y i n g  
( i )  ' c l a s s i c a l '  k i n e t i c  m e a s u r e m e n t s ,  w h e r e b y  t h e  t e m p e r a t u r e  a n d  
p a r t i a l  p r e s s u r e s  were v a r i e d ,  a n d  ( i i )  TPD m e a s u r e m e n t s  i n  o r d e r  t o  
d e t e r m i n e  t h e  c o n c e n t r a t i o n  o f  s u r f a c e  c o m p l e x e s .  T h e  s t u d i e s  were 
p e r f o r m e d  by u s i n g  a m o d e l  c o k e  f r o m  p o l y v i n y l c h l o r i d e  (HTT 9 0 0 ° C ) ,  
w h i c h  h a s  n e i t h e r  c a t i o n s  n o r  h e t e r o a t o m s .  T h e  TPD s t u d i e s  w i t h  sam- 
p l e s  w h i c h  were q u e n c h e d  f r o m  r e a c t i o n  t e m p e r a t u r e  a l l o w  t o ' c a l c u -  
l a t e  t h e  d e s o r p t i o n  k i n e t i c s  o f  t h e  C ( 0 )  a n d  C ( H )  s u r f a c e  c o m p l e x e s  
a n d  t o  d e t e r m i n e  t h e  t o t a l  c o n c e n t r a t i o n  o f  t h e s e  c o m p l e x e s .  By com- 
b i n a t i o n  o f  t h e s e  r e s u l t s  w i t h  t h e  d a t a  o f  t h e  k i n e t i c  s t u d i e s  o f  
g a s i f i c a t i o n  ( r a t e  c o n s t a n t s )  i t  i s  p o s s i b l e  t o  d e t e r m i n e  t h e  c o n -  
c e n t r a t i o n  o f  o c c u p i e d ,  f r e e  a n d  t o t a l  s i t e s  a n d  a l s o  t h e  t r u e  a c t i -  
v a t i o n  e n e r g i e s  o f  t h e  s i n g l e  s t e p s  o f  g a s i f i c a t i o n .  

EXPERIMENTAL 

G a s i f i c a t i o n  a n d  TPD m e a s u r e m e n t s  were p e r f o r m e d  i n  o n e  a n d  t h e  s a m e  
r e a c t o r ,  w h i c h  is d e s c r i b e d  i n  a n  e a r l i e r  p a p e r  (1 ) .  T h i s  a l s o  h o l d s  
f o r  t h e  m o d e l  c o k e  made o f  p o l y v i n y l c h l o r i d e  ( g r a i n  s i z e :  0.1 mm t o  
0 .2  m m ) .  F o r  t h e  TPD m e a s u r e m e n t s  a n  a r g o n  a t m o s p h e r e  a n d  a h e a t i n g  
r a t e  o f  2 0  K m i n - h e r e  u s e d ,  t h e  f i n a l  t e m p e r a t u r e  was 1 1 0 0 ° C  w h i c h  
was  h e l d  f o r  0 . 5  h o u r s .  

RESULTS A N D  DISCUSSION 

C l a s s i c a l  t r e a t m e n t  o f  k i n e t i c s  

F i g . 1  s h o w s  c a r b o n  m o n o x i d e  f o r m a t i o n  r a t e s  a s  f u n c t i o n  o f  c a r b o n  
d i o x i d e  p a r t i a l  p r e s s u r e  a f t e r  10 h g a s i f i c a t i o n .  T h e  ra tes  v a r y  
o n l y  s l i g h t l y  w i t h  t i m e  a n d  t h e  mass l o s s  e v e n  a t  9OO'C a t  p c o  = 1 
b a r  is b e l o w  15 %. T h e  c a r b o n  m o n o x i d e  f o r m a t i o n  ra tes  a re  re1: ted 
on t h e  i n i t i a l  a m o u n t  o f  c a r b o n ,  t h e y  o n l y  r e p r e s e n t  t h e  f o r m a t i o n  
of  c a r b o n  m o n o x i d e  w h i c h  i s  p r o d u c e d  b y  c a r b o n  g a s i f i c a t i o n .  

F o r  e v a l u a t i n g  k i n e t i c  d a t a  t h e  o x y g e n  e x c h a n g e  m e c h a n i s m  w a s  u s e d  
a s  b a s i s :  

kl 

k-l 

Cf + con - C ( 0 )  + co (1) 
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C ( 0 )  k 2  ' co + Cf ( 2 )  

F rom t h i s  m e c h a n i s m  t h e  f o l l o w i n g  r a t e  e q u a t i o n  is o b t a i n e d :  

rs = c . k l . ~ C O , /  [l+(kl/k2)~pC0,+(k~l/k2)~~CO] ( 3 )  

T h e  f o l l o w i n g  r e a r r a n g e m e n t  o f  t h i s  e q u a t i o n  

s h o w s  t h a t  a p l o t  o f  rS-l v e r s u s  ko -1 s h o u l d  g i v e  a s t r a i g h t  l i n e .  
I n  v i e w  of t h e  e x p e r i m e n t a l  r e s u l t s  i t  was a s s u m e d  t h a t  t h e  p a r t i a l  
p r e s s u r e  o f  c a r b o n  m o n o x i d e  i s  n e g l i g i b l y  s m a l l .  T h e  e x p e r i m e n t a l  
d a t a  of F i g . 1  f u l f i l l  e q u a t i o n  ( 4 ) .  T h e r e f o r e ,  t h e  v a l u e s  of c . k  a re  
d i r e c t l y  g i v e n  i n  F i g . 2  u s i n g  a n  ARRHENIUS p l o t .  T h e  f o l l o w i n g  
e q u a t i o n s  h a v e  b e e n  d e r i v e d  f r o m  F i g . 2 :  

c . kl = 5.6 .  10l2 . e x p (  -60000 /RT)  , m m o l  mol- 'h- lbar- '  

k l /k2  = 2 0 . 9 . e x p ( - 6 0 0 0 / R T ) ,  bar- '  ( 7 )  

( 5 )  

(6) c .k2  = 2 . 7 . 1 0 1 1  . e x p ( - 5 4 0 0 0 / R T ) , m m o l  mo1- lh - l  

T h e s e  e q u a t i o n s  a l low t o  c a l c u l a t e  t h e  r a t i o  k /k  : 
1 2  

T h e  t o t a l  c o n c e n t r a t i o n  o f  a c t i v e  s i t e s  c is unknown.  I t  may v a r y  
w i t h  t e m p e r a t u r e .  T h i s  m e a n s  t h a t  t h e  a c t i v a t i o n  e n e r g i e s  i n  e q s .  
( 5 )  and  ( 6 )  are  p r o b a b l y  n o t  t r u e  a c t i v a t i o n  e n e r g i e s .  

TPD STUDIES 

F i g . 3  s h o w s  t h e  q u a n t i t y  o f  c a r b o n  m o n o x i d e  w h i c h  was m e a s u r e d  i n  
t h e  TPD e x p e r i m e n t s  u s i n g  t h e  s a m p l e s  o f  F i g . 1  (10 h g a s i f i c a t i o n ) .  
I n  o r d e r  t o  c h e c k  t h e  i m p o r t a n c e  of t h e s e  v a l u e s  t h e  g a s i f i c a t i o n  
r a t e s  were r e l a t e d  o n  t h e  q u a n t i t y  of d e s o r b e d  c a r b o n  m o n o x i d e .  The  
r e s u l t s  a r e  g i v e n  i n  F i g . 4 .  T h e s e  r e l a t e d  r a t e s  a r e  c o n s t a n t  o v e r  
t h e  e n t i r e  r a n g e  of c a r b o n  d i o x i d e  p a r t i a l  p r e s s u r e  a t  l e a s t  f o r  800 
a n d  8 5 0 ° C .  T h e  d e v i a t i o n  a t  9 0 0 ° C  may be e x p l a i n e d  b y  t h e  f ac t  t h a t  
t h e  c o k e  was o n l y  h e a t t r e a t e d  a t  t h i s  t e m p e r a t u r e .  
I f  i t  i s  a s s u m e d  t h a t  t h e  q u a n t i t y  of d e s o r b e d  c a r b o n  m o n o x i d e  c o r -  
r e s p o n d s  t o  t h e  q u a n t i t y  o f  C ( 0 )  s u r f a c e  c o m p l e x e s  i t  is  now p o s -  
s i b l e  t o  c a l c u l a t e  t h e  q u a n t i t y  of t h e  c o n c e n t r a t i o n  o f  f r e e  s i tes .  
T h e  d e r i v a t i o n  of eq. ( 3 )  i s  based o n  t h e  a s s u m p t i o n  t h a t  t h e  f o r m a -  
t i o n  r a t e  o f  t h e  C ( 0 )  c o m p l e x  a c c o r d i n g  t o  eq. ( 8 ) :  

r ( l )  = kl .c( ) 'PCO, ( 8 )  

i s  e q u i v a l e n t  t o  t h e  d e s o r p t i o n  r a t e  o f  t h e  c a r b o n  m o n o x i d e  from t h e  
C ( 0 )  c o m p l e x :  
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The ratios kl/k2 are known from the gasification studies. Therefore, 
can be calculated. The results are shown in Fig.5. The quanti- 3 b r concentration of free sites decreases with increasing partial 

pressure and increases with temperature. A s  the concentrations of 
occupied and free sites are known, the concentration of total sites 
can additionaly be calculated: 

(11) 
( 0 )  + c( ) 

c = c  

The results are also given in Fig.5. The concentration of total 
sites is independent on the partial pressure for the gasification 
temperatures 800 and 850°C. The deviation at 900°C has probably the 
same reason as already mentioned in relation to Fig.4. On the other 
hand, it has to be stated that the majority of the carbon edge 
atoms is saturated with hydrogen (C(H) complexes). The importance or 
value of the presented TPD measurements suffers from the fact that 
a ten hour gasification at different temperatures causes not only 
different mass losses but also different structural changes. For 
elimination of this disadvantage gasification and TPD studies were 
performed at different temperatures and additionally by variation 
of the reaction time. For these studies pure carbon dioxide was 
used. The Figs. 6 and 7 show the carbon monoxide formation rates and 
the relative quantities of desorbed carbon monoxide as function of 
the residual amount of carbon m/m,. 
As follows from Fig.7 the amount of desorbed carbon monoxide contin- 
uously increases with progressive gasification, but only at tempera- 
tures up to 850°C. The decrease at 900 and 950°C is confirmed by 
many measurements. It can not be explained by the decreasing amount 
of residual carbon. In any case, these results confirm that the 
concentration of C(0) complexes increases with decreasing gasifi- 
cation temperature. This means that the surface is loaded with 
oxygen because the desorption rate is too small. 

The results of Figs. 6 and 7 offer three possibilities: (1) To cal- 
culate the activation energy of the overall rate of gasification 
nco/n;. (2) To calculate the temperature dependence of the concen- 
tration of C(0) surface complexes nE0 
plot. ( 3 )  To calculate the activation'energy of the gasification 
rate related on the quantity of C(0) surface complexes nco/ncO,des. 
In all cases this was done for equal degrees of carbon conversion 
(l-m/mo) or residual carbon m/m.. As the gasification rates are 
extremely low under all conditions it is assumed that the develoment 
of the pore structure is not significantly influenced by the gasifi- 
cation temperature. In the case of the overall rate nearly identical 
results are received whether the carbon monoxide formation rate is 
related on the initial quantity of carbon or the residual quantity 
of carbon, because the degree of carbon conversion is very low. The 
same argument is valid for n&,des/nE. 
The activation energies which were obtained by this procedure are 
shorm in Fig.8 as function of the residual amount of carbon. Con- 
stant values are found if m/m, is equal to or larger than 0.95. It 
may be assumed that steady-state gasification conditions are 
achieved beyond this degree of conversion. In the steady state re- 
gion of gasification the following activation energies may be taken 
from Fig.8: 

using an ARRHENIUS 
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- F o r  t h e  c a r b o n  m o n o x i d e  d e s o r p t i o n  n e o , d e s / n e :  -31 k c a l  m o l - 1  
( p o s i t i v e  s l o p e  i n  t h e  ARRHENIUS p l o t )  
- For t h e  o v e r a l l  r a t e  rico/n;: 54 k c a l  mo1-l 
- F o r  t h e  r a t e  r e l a t e d  o n  t h e  q u a n t i t y  o f  C ( 0 )  c o m p l e x e s  
nco/n;O,des: 8 5  k c a l  m o l - ' .  

T h e  v a l u e  of  8 5  k c a l  m o l - '  c o r r e s p o n d s  t o  t h e  t r u e  a c t i v a t i o n  e n e r g y  
of t h e  d e s o r p t i o n  s t e p  E2 a s  f o l l o w s  f r o m  t h e  f o l l o w i n g  e q u a t i o n s :  

k 2  = rs/c (0) = nCO/n:O,des (13)  

T h e  r a t e  c o n s t a n t  o f  t h e  d e s o r p t i o n  s t e p  k 2  i s  i d e n t i c a l  t o  t h e  
t u r n o v e r  r a t e  o f  t h e  s u r f a c e  c o m p l e x .  
W i t h  t h e  known a c t i v a t i o n  e n e r g y  o f  k t h e  a c t i v a t i o n  e n e r g y  o f  t h e  
r a t e  c o n s t a n t  of t h e  d i s s o c i a t i o n  ste$ k 
eq. ( 7 ) :  

may be c a l c u l a t e d  u s i n g  1 

k l  = k 2  ' 2 0 . 9  e x p ( - 6 0 0 0 / R T )  ( 1 4 )  

El = E 2  + 6 = 9 1  k c a l  mol-' ( 1 5 )  

T h e s e  v a l u e s  of t h e  t r u e  a c t i v a t i o n  e n e r g i e s  a r e  v e r y  n e a r  t o  t h e  
v a l u e s  p r e s e n t e d  b y  W a l k e r  a n d  o t h e r s  ( 2 - 4 )  f o r  g a s i f i c a t i o n  o f  g r a -  
p h i t i z e d  m a t e r i a l s .  
T h e  TPD s t u d i e s  a l s o  allow t o  d e t e r m i n e  t h e  d e s o r p t i o n  k i n e t i c s  o f  
t h e  C ( 0 )  c o m p l e x .  T y p i c a l  d e s o r p t i o n  ra tes  a r e  shown  i n  F i g . 9  a f t e r  
1 0  h g a s i f i c a t i o n .  U s i n g  n o n - i s o t h e r m a l  k i n e t i c s  t h e  d e s o r p t i o n  r a t e  
( f i r s t  o rder  r e a c t i o n  a s s u m e d )  i s  a s  f o l l o w s :  

T h e  a p p l i c a t i o n  of  t h i s  e q u a t i o n  t o  a l l  e x p e r i m e n t a l  r e s u l t s  ( r e a c -  
3 e d  
10). 

t i o n  t imes f r o m  1 t o  10 h ;  t e m p e r a t u r e s  f rom 750 t o  9 5 0  "i) y i e  
a n  a v e r a g e  v a l u e  o f  t h e  a c t i v a t i o n  e n e r g y  o f  53 k c a l  mol- ( F i g  
T h i s  a c t i v a t i o n  e n e r g y  c o r r e s p o n d s  t o  t h e  f o l l o w i n g  e q u a t i o n :  

r ( 2 )  = k 2  ( T ) . c ( O ) ( T )  = k 2  (T) .n ;o ,des /n ; (T)  

T h e  p r e v i o u s  r e s u l t s  y i e l d e d  a v a l u e  o f  5 4  k c a l  mol-' 
d u c t  o f  eq. ( 1 7 ) .  T h i s  a g r e e m e n t  i s  r e a l l y  s a t i s f y i n g .  

f o r  t h e  

17) 

p r o -  

F i n a l l y  i t  s h o u l d  be m e n t i o n e d  t h a t  t h e  a v e r a g e  v a l u e  o f  t h e  a c t i v a -  
t i o n  e n e r g y  o f  h y d r o g e n  d e s o r p t i o n  r e s u l t i n g  f r o m  t h e  same e x p e r i -  
m e n t s  a m o u n t s  t o  6 2 . 5  k c a l  mol-I by  a s s u m i n g  a s e c o n d  o r d e r  reac- 
t i o n :  

2 C ( H )  H 2  + 2 C f  (18) 

T h i s  v a l u e  i s  i d e n t i c a l  t o  t h e  r e s u l t  p u b l i s h e d  b y  Yang a n d  
Yang ( 5 ) .  T h e  d i f f e r e n c e  o f  a c t i v a t i o n  e n e r g i e s  f o r  c a r b o n  m o n o x i d e  
a n d  h y d r o g e n  d e s o r p t i o n  c o n f i r m s  t h e  i n h i b i t i n g  e f f e c t  of  h y d r o g e n .  
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SUMMARY 

The present paper represents an attempt to measure and calculate the 
concentration of the intermediate surface complexes and the true ac- 
tivation energies of carbon dioxide gasification by combining kine- 
tik studies of gasification with TPD measurements. This route looks 
promising. The true activation energies for the dissociation and de- 
sorption step are 91 or 85 kcal mol-' in comparison to 60 Or 
54 kcal mol- for the apparent activation energies. The difference 
results from the change of the concentration of the surface com- 
plexes with gasification temperature in gasification of the model 
coke used in these studies. Therefore, it is not surprising that the 
obtained true values of activation energies nearly correspond to 
values reported by other authors for carbon dioxide gasification of 
graphitized materials. The meaning of this agreement still has to be 
explained, it probably results from more or less constant concen- 
trations of sites in gasification of graphitized materials. 
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Fig.2: ARRHENIUS plot according 
to eq.(4) 



Fig.3: concentration of C(0) 
complexes 
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Fig. 4: Specific gasification 
rates acc. to eq. (11) 
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Fig.5: Concentration o f  free and 
total sites 

Fig. 6: Gasification rates versus 
residual carbon 
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F i g . 7 :  C o n c e n t r a t i o n  of C ( 0 )  complexes  F i g . 8 :  A c t i v a t i o n  e n e r g i e s  v e r s u s  
v e r s u s  r e s i d u a l  carbon r e s i d u a l  carbon  
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F i g .  9: 
Temperature dependence o f  s p e c i f i c  
g a s i f i c a t i o n  r a t e s  a c c o r d i n g  to 
eq .  ( 1 1 ) :  ARRHENIUS p l o t  

F i g .  10: 
A c t i v a t i o n  e n e r g i e s  of  t h e  
d e s o r p t i o n  of t h e  C ( 0 )  c o m p l e x e s  


